C ontraction of smooth muscle cells in the vascular wall is essential for proper regulation of blood pressure and flow. Smooth muscle contractility is regulated by multiple stimuli including neuronal and humoral factors, as well as by local factors such as gases and metabolites that depend on the activity of the surrounding tissue. These factors regulate vessel diameter to accommodate the need for oxygen and nutrients to the tissue. In addition to these factors, small resistance arteries and arterioles have intrinsic mechanisms for the regulation of blood flow that depend on mechanical factors, such as shear stress exerted by the blood flow or wall stress exerted by the intraluminal blood pressure. The latter mechanism is termed the myogenic response or the Bayliss effect after British physiologist William Bayliss, who discovered that an increase in intraluminal pressure results in contraction of the vessel.
C ontraction of smooth muscle cells in the vascular wall is essential for proper regulation of blood pressure and flow. Smooth muscle contractility is regulated by multiple stimuli including neuronal and humoral factors, as well as by local factors such as gases and metabolites that depend on the activity of the surrounding tissue. These factors regulate vessel diameter to accommodate the need for oxygen and nutrients to the tissue. In addition to these factors, small resistance arteries and arterioles have intrinsic mechanisms for the regulation of blood flow that depend on mechanical factors, such as shear stress exerted by the blood flow or wall stress exerted by the intraluminal blood pressure. The latter mechanism is termed the myogenic response or the Bayliss effect after British physiologist William Bayliss, who discovered that an increase in intraluminal pressure results in contraction of the vessel. 1 A sustained contraction caused by increased intraluminal pressure is defined as myogenic tone. Later studies have shown that over quite wide pressure ranges, capillary hydrostatic pressure and blood flow remain nearly constant as a consequence of the myogenic tone in small resistance arteries. 2 Loss of myogenic tone in resistance arteries will increase vessel diameter and elevate intraluminal pressure and flow in downstream vessels. This will increase wall stress according to the law of Laplace and may cause endothelial damage because of turbulent flow. It is known that excessive mechanical distension of arteries results in characteristic response-to-injury mechanisms including neointimal hyperplasia and adventitial remodeling. 3, 4 This limits the normal function of the artery and increases the risk of organ damage as a result of compromised blood flow. However, the mechanism of mechanically induced vascular injury has primarily been investigated in the context of balloon angioplasty and not much is known regarding the effects of excessive mechanical stimuli caused by increased blood pressure and flow in small arteries.
The mechanisms behind myogenic responses are not yet fully defined but likely involve the activation of integrins and of stretch-sensitive ion channels and receptors on the cell membrane. 5, 6 The contraction is then initiated by smooth muscle depolarization, which activates l-type calcium channels resulting in calcium influx. This process is modulated by many pathways influencing excitation-contraction coupling and actin dynamics. 7 In addition to the previously considered regulators, we recently recognized small noncoding RNAs called microRNAs (miRNAs) to play a crucial role for the development of myogenic tone. 8 MiRNAs bind to the 3′-untranslated region on partially complementary target mRNAs and generally inhibit protein translation or promote mRNA degradation by RNA interference. Two of the most highly expressed miRNAs in smooth muscle are miR-143 and miR-145. 9 These miRNAs are expressed as a bicistronic cluster and have been shown to regulate smooth muscle contractile differentiation, proliferation, and migration. [9] [10] [11] Smooth muscle phenotype is regulated by miR-143/145 via direct targeting of KLF4/5 (Krüppel-like factors 4 and 5), 11, 12 ACE (angiotensin-converting enzyme), 9, 13 CamKIIδ (calcium/calmodulin-dependent protein kinase II delta), 11, 14, 15 and components of the Rho/ Rho-kinase cascade. 10 Genetic deletion of these miRNAs in vivo results in reduced contractile responses, in particular to contractile agonists such as angiotensin II (AngII) and phenylephrine, and a reduced systolic blood pressure. 9 In the present study, we found that expression of miR-143/145 is essential for pressure-induced myogenic tone in isolated small mesenteric arteries. To determine how this loss of myogenic responsiveness affects the integrity of small vessels in a setting of systemic hypertension, we used AngII infusion via osmotic pump implantation. In miR-143/145 knockout (KO), but not wild-type (WT) mice, this resulted in the development of dramatic vascular lesions in the mesenteric arteries with classical hallmarks of vascular injury. We suggest that this effect is caused by excessive mechanical forces on the vascular wall.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Contractile Function Is Impaired in miR-143/145 KO Mice
Knockout of the miR-143/145 cluster in mesenteric arteries was confirmed using quantitative polymerase chain reaction ( Figure 1A and 1B) . To investigate the effects of miR-143/145 KO on basal calcium-dependent contractile responses, we stimulated vessels mounted in a wire myograph with 60 mmol/L KCl. Contractile responses to KCl were reduced by 29% in miR-143/145 KO mice ( Figure 1C ). Similar results were obtained when KCl-induced change in vessel diameter was determined in pressurized mesenteric arteries ( Figure 1D ). To bypass possible effects of miR-143/145 KO on excitation-contraction coupling after depolarization, vessels were stimulated with Calyculin A in nominally calcium-free solution to induce calcium-independent LC 20 (myosin 20 kDa light chain) phosphorylation. Under these conditions, there was a 29% lower force in miR-143/145 KO mice ( Figure 1E ). Responses to stimulation with the thromboxane A2 analog U46619 were reduced by >60% in homozygous KO arteries ( Figure 1F ). These results suggest that miR-143/145 KO moderately impairs force generation of the contractile machinery in mesenteric resistance vessels and that agonist-induced contractions are additionally affected, likely in a stimulus-specific manner.
Relaxation of U46619 (1 μmol/L)-precontracted mesenteric arteries in response to acetylcholine or sodium nitroprusside was significantly increased in miR-143/145 KO mice at low concentrations ( Figure I in the online-only Data Supplement). However, as shown in Figure 1F , the level of precontraction U46619 was not equal between the 2 genotypes, which may affect the sensitivity to acetylcholine and SNP (sodium nitroprusside).
Loss of the Myogenic Contractile Response in miR-143/145 KO Mesenteric Artery
The effect of miR-143/145 KO on myogenic tone was evaluated using small mesenteric arteries mounted in a pressure myograph. The vessel diameter was monitored after stepwise increases in intraluminal pressure. In WT mice, this resulted in a reduced active diameter at pressures >70 mm Hg (Figure 2A ). In contrast, the pressure-induced contraction was completely abolished in miR-143/145 KO mice. This effect was even more evident when evaluating the active diameter response relative to the passive diameter in calcium-free solution ( Figure 2B ). Although the passive diameter of the vessels was not significantly affected in miR-143/145 KO vessels ( Figure 2C ), the distensibility of these vessels was reduced at 45 and 70 mm Hg, suggesting increased vascular stiffness ( Figure 2D ). Wall thickness was analyzed in pressurized vessels under passive conditions and was significantly increased in miR-143/145 KO arteries at 45 mm Hg but not at other pressure levels ( Figure 2E ).
Deletion of miR-143/145 in Mesenteric Arteries Results in Decreased Calcium Influx
In a previous study, we demonstrated that loss of myogenic tone in the mesenteric arteries of inducible Dicer KO mice, which are deficient of most miRNAs for up to 5 weeks, is rescued by stimulating these vessels with the calcium channel opener Bay K8644. 8 Interestingly, we found that myogenic tone of miR-143/145 KO resistance arteries remained low in the presence of Bay K8644, whereas tone was potentiated in WT vessels ( Figure 3A) . Similarly, inhibition of potassium channels using tetraethylammonium, or nitric oxide synthase using l-NAME (N and data not shown). To determine the effect of miR-143/145 KO on calcium influx after depolarization, mesenteric arteries were loaded with the calcium indicator Fluo-4. As shown in Figure 3C , calcium elevation was significantly decreased in miR-143/145 KO mesenteric arteries after stimulation with 60 mmol/L KCl. This was associated with a decrease in l-type calcium channel expression at the protein level in miR-143/145 homozygous KO vessels ( Figure 3D ).
Downregulation of LC, MLCK, and MYPT in miR-143/145 KO Mesenteric Arteries
Genetic deletion of miR-143/145 has previously been demonstrated to result in phenotypic modulation of smooth muscle cells. 9, 10, 16 However, conflicting data have been reported concerning the expression of classical contractile smooth muscle markers in miR-143/145 KO vessels. 10, 16 Interestingly, the effect of miRNA deletion on the expression of contractile markers depends on the vascular bed where the smooth muscle resides. 8, 15, 17 To investigate if loss of myogenic tone in miR-143/145 KO mesenteric arteries was associated with a decreased expression of smooth muscle contractile markers, we analyzed mRNA and protein expression of known contractile markers using quantitative polymerase chain reaction and Western blotting, respectively. As shown in Figure 4A through 4C, the mRNA expression of smooth muscle markers SM22 (Tagln), calponin (Cnn1), and myocardin (Myocd) was unchanged. Similarly, the protein expression of SM22, calponin, and α-smooth muscle actin was unchanged in miR-143/145 KO versus WT controls ( Figure These results suggest similar kinetics of calcium-dependent activation in both genotypes, although absolute force levels differ, as is evident when phosphatase activity is maximally inhibited by calyculin A ( Figure 1E ).
AngII Elevates Blood Pressure in miR-143/145 KO Mice Despite Loss of AngIIInduced Contractile Responses
Earlier studies have found that miR-143/145 KO arteries are essentially unresponsive to the contractile agonist AngII. 9 We confirmed this finding in mesenteric arteries, mounted in a wire myograph, and stimulated with 100 nmol/L AngII ( Figure 5A ). AngII stimulation results in a transient contraction in mesenteric arteries under conditions without myogenic tone (eg, in wire myograph). To test the possibility that AngII could potentiate myogenic tone, we stimulated WT and KO mesenteric arteries mounted in a pressure myograph with 100 nmol/L AngII at low (45 mm Hg) intraluminal pressure, 15 minutes before a stepwise increase in pressure. Similar to the wire myograph experiments, KO arteries did not contract in response to AngII ( Figure 5B ). Within 10 minutes from AngII stimulation, the vessel diameter in WT arteries returned to near baseline values. This is reflected in Figure 5C where myogenic tone is similar in AngII-treated and control vessels at low pressures (20-45 mm Hg). When intraluminal pressure was increased >45 mm Hg, the myogenic contraction was significantly elevated in AngII-treated WT mesenteric arteries compared with control ( Figure 5C ). KO arteries did not display significant myogenic tone under any condition. To calculate wall stress in KO and WT mesenteric arteries under AngII stimulation and physiological pressure levels, we determined wall thickness using the pressure myograph data of inner and outer vessel diameter ( Figure 5D ). Similar to Figure 2E , wall thickness was slightly increased in KO vessels at low pressure levels. However, as a consequence of the larger diameter in KO arteries at intraluminal pressure >70 mm Hg, where WT arteries develop myogenic tone, wall thickness decreased to below WT levels. Data from Figure 5C and 5D were used to calculate wall stress at increasing intraluminal pressure in WT and KO arteries. This analysis revealed a significantly elevated level of wall stress in KO arteries at pressures >70 mm Hg ( Figure 5E ). Despite a nearly complete loss of AngII-induced contractile responses in isolated vessels, miR-143/145 KO mice display only a slight decrease in the acute blood pressure response to AngII infusion. 9 To test the importance of these miRNAs for blood pressure elevation after chronic infusion of AngII, we implanted osmotic mini-pumps subcutaneously in WT and miR-143/145 KO mice. Four weeks after implantation, blood pressure was analyzed using tail cuffs and this revealed that mean blood pressure levels were increased to similar levels in WT and miR-143/145 KO mice ( Figure 5F ).
Elevated Systolic Blood Pressure Results in Vascular Lesions in miR-143/145 KO Small Mesenteric Arteries
The myogenic contraction of small arteries is an important mechanism for protection of the downstream vascular bed from excessive pressure and flow levels because of variations of systemic blood pressure. To investigate the potential consequences of the absent basal and AngII-induced myogenic tone in mesenteric arteries, we dissected first-and secondorder mesenteric arteries from WT and miR-143/145 KO mice subjected to AngII-induced hypertension. In 10 of 12 miR-143/145 KO arterial beds, we found multiple vascular lesions in the form of bulging masses of perivascular tissue ( Figure 6A ). Only 1 of 15 WT mice analyzed displayed a single lesion. For illustration, the mesenteric arteries of two of the most affected and one of the least affected KO mice (with lesions) are shown in Figure 6A . Most lesions were located at bifurcations, and, in mice with few lesions, these were often localized at the distal ends of the arterial tree ( Figure 6A , rightmost).
To further examine the composition and structure of the lesions, we cross-sectioned and stained mesenteric arteries using Verhoeff-van Gieson. This demonstrated dramatic adventitial thickening ( Figure 6B ). In the center of the lesions, the medial smooth muscle layer and internal elastic lamina seemed to be undergoing degradation ( Figure 6B ; red arrows in lower right micrograph). Furthermore, all lesions were found to be positive for neointimal hyperplasia, but the extent of patency varied between samples. Together, these events clearly indicate an ongoing attempt of the vascular wall to repair or protect an injured artery.
To test if actin polymerization was affected in the smooth muscle cells within the vascular lesions, we stained the media with fluorescent phalloidin. The staining intensity of phalloidin was similar in WT and KO arteries outside the lesions ( Figure 6C ). However, phalloidin staining was essentially lost in the lesion center ( Figure 6C and 6D) . Furthermore, fragmentation of the internal elastic lamina was quantified using autofluorescence at the 488 nm wavelength. This analysis confirmed a significant reduction of elastin staining in the vascular lesions of miR-143/145 KO mice ( Figure 6E ). . B, Maximal diameter changes in response to 100 nmol/L AngII in cannulated small mesenteric arteries at 45 mm Hg were evaluated using pressure myography (n=4). C, Ten minutes after AngII stimulation (100 nmol/L), when vessel diameter had returned to baseline values, myogenic tone was evaluated in WT and miR-143/145 KO mesenteric arteries (n=WT: 8, KO: 4). D, Differences in wall thickness between WT and KO mesenteric arteries were evaluated at increasing pressure levels. E, Wall stress at increasing pressure levels in the presence of AngII was calculated using the law of Laplace. F, Blood pressure was evaluated in WT and KO mice using tail cuff before and after 4 weeks treatment with AngII 0.8 mg/kg per day by osmotic pump implantation (n=WT: 15, KO: 12). *P<0.05, **P<0.01, and ***P<0.001 compared with WT unless indicated.
Accumulation of Cells in Adventitia and
status in mesenteric artery lesions, we performed Masson trichrome staining, which revealed robust collagen deposition in lesion regions. However, the thickened miR-143/145 KO adventitia also displayed high cellular density and areas of reduced collagen deposition, most prominent at the lesion center. This was not observed in WT or KO arteries outside the lesions ( Figure 7A ).
As described previously, the miR-143/145 cluster is specifically expressed in smooth muscle cells. In the KO mice, the miR-143/145 coding region is replaced with a lacZ (beta-galactosidase) reporter. 9 To monitor transcription of the miR-143/145 gene, cryosections of mesenteric arteries were stained with X-gal. In cross-sections, robust reporter expression was found in smooth muscle cells of lesion-free A total of 15 WT and 12 KO mesenteric artery beds were dissected. B, Cryosections of WT and KO mesenteric arteries with and without vascular lesions were stained using Verhoeff-van Gieson staining to visualize the internal and external elastic laminae (black) and collagen fibers (pink). Red arrows mark gaps in the internal elastic lamina caused by elastin fragmentation. C, Cryosections from WT and miR-143/145 KO mesenteric arteries were stained with fluorescent phalloidin (red) to visualize actin filaments. Elastin autofluorescence is shown in green. Quantification of phalloidin staining intensity and the autofluorescent intensity of the internal elastic lamina relative to WT are shown in D and E, respectively. (n=WT: 8, KO: 7). **P<0.01 and ***P<0.001. Adv indicates adventitia; Col, collagen; EEL, external elastic lamina; IEL, internal elastic lamina; M, media; and NI, neointima.
miR-143/145 KO mesenteric arteries ( Figure 7B ). However, in lesion areas, we observed complete or partial loss of reporter expression, corresponding to the lack of actin polymerization ( Figure 6C ). In these areas, we instead observed reporter expression in the adventitial layers most proximal to the media ( Figure 7B ). A, Cryosections of wild-type (WT) and miR-143/145 KO mesenteric arteries with and without vascular lesions were stained using Trichrome staining to visualize collagen. In the most severe cases of adventitial remodeling, collagen deposition is attenuated (asterisks). B, In KO mice, the miR-143/145 coding region is replaced with a lacZ (beta-galactosidase) reporter. Cryosections of mesenteric arteries were assessed for β-galactosidase activity by staining with X-gal (blue). Strong X-gal staining occurred in smooth muscle cells of the media (KO no lesion). In lesion areas, staining was lost in the media and instead seen in the proximal adventitia (third column). Occasionally, X-gal staining was asymmetrically lost from the media (fourth column). WT mice do not harbor the lacZ reporter and served as negative controls. Sections were counterstained with Sytox Green (magenta). C, Cryosections of WT and miR-143/145 KO mesenteric arteries with and without vascular lesions immunostained for CD68 (cluster of differentiation 68) and MAC2 (galectin 3) reveal infiltration of monocytes/macrophages in the thickened adventitia. Immunostaining for ACTA2 (alpha smooth muscle actin) in KO lesions demonstrates reduced expression of α-smooth muscle actin in the media. Adventitial remodeling is associated with cell proliferation as shown by immunostaining for Ki-67. Arrows denote Ki-67-positive cells. All sections were counterstained with DAPI (blue). Elastin autofluorescence is shown in green. Adv indicates adventitia; IEL, internal elastic lamina; M, media; and NI, neointima.
Increased Systolic Blood Pressure Is Associated With Inflammatory Infiltrates in miR-143/145 KO Small Mesenteric Arteries
The adventitia not only comprised loose connective tissue rich in collagens but also contains fibroblasts, perivascular nerves, and inflammatory cells. Vascular inflammation is a hallmark of the vascular response to injury, and we thus set out to evaluate the inflammatory status of the thickened adventitia. For this, we performed immunostainings using the pan-macrophage marker CD68 (cluster of differentiation 68) and MAC2 (galectin 3; abundant in activated macrophages). Cells positive for CD68 or MAC2 were frequently detected in the adventitia of miR-143/145 KO lesions. This is in contrast to WT and lesionfree miR-143/145 KO mesenteric arteries, where only a few CD68-or MAC2-positive cells were observed ( Figure 7C ).
Immunostainings also revealed decreased levels of ACTA2 (alpha smooth muscle actin) in the media of miR-143/145 KO mesenteric arteries associated with adventitial remodeling. However, outside the lesions ACTA2 expression was similar in the media of miR-143/145 KO and WT mice ( Figure 7C) . Finally, the thickened adventitia displays augmented cell proliferation (Ki-67), mainly observed along the adventitial periphery ( Figure 7C ).
Discussion
This study demonstrates that the myogenic response in resistance arteries is critically dependent on the expression of 2 miRNAs, miR-143 and miR-145. The mechanism behind this effect involves a combination of several factors, including reduced l-type calcium influx, reduced MLCK and LC 20 expression, and abolished AngII receptor signaling. Dysfunctional autoregulation of vessel diameter results in loss of protection against excessive pressure and flow in downstream vessels. In the setting of AngII-induced systemic hypertension, we demonstrate that loss of myogenic tone in miR-143/145 KO mice is associated with dramatic adventitial remodeling and inflammation, fragmentation of the internal elastic lamina, and neointimal hyperplasia. Importantly, these lesions were not present in normotensive miR-143/145 KO mice, suggesting that mechanical factors are involved in the development of these lesions.
A general finding in miR-143/145 KO femoral arteries, 9 portal vein, 14 and mesenteric arteries (this study) is a reduced contractile response to depolarization by potassium chloride, an effect that is dependent on influx of calcium via voltage-gated calcium channels. As demonstrated herein, deletion of miR-143/145 results in a reduced expression and activity of l-type calcium channels in mesenteric arteries, which correlates well with previous observations in portal vein and aortic smooth muscle cells. 14, 15 This effect is mediated, at least in part, via miR-145 targeting CamKIIδ, which negatively regulates l-type calcium channel expression. 11, 15, 18 KCl-induced contractions were reduced by ≈30%, similar to the calcium-independent response to phosphatase inhibition and the reduction in MLCK and LC 20 expression. Although the reduced expression of MYPT and elevated MYPT phosphorylation in miR-143/145 KO arteries theoretically promotes contractile function, this effect is likely overridden by the reduced MLCK and LC 20 expression. Accordingly, the reduced MYPT expression in miR-143/145 KO cells does not result in calcium sensitization of the smooth muscle. 9 Thus, in addition to a reduction of l-type calcium channels, alteration in the contractile machinery of smooth muscle cells can affect KCl-induced contractile responses in miR-143/145 KO. However, the more dramatic loss of myogenic tone likely involves an additional effect on membrane excitation or excitation-contraction coupling.
In a previous report, we suggested that the loss of myogenic tone in inducible Dicer KO mesenteric arteries could be caused by reduced l-type channel activity. 8 Although myogenic tone is restored in inducible Dicer KO mesenteric arteries by the calcium channel opener BayK8644, both BayK8644 and the potassium channel blocker tetraethylammonium were without effect in constitutive miR-143/145 KO mice. This suggests that decreased expression levels of l-type calcium channels cannot be compensated for by an increased opening probability of the channel. Although the sensitivity to nitric oxide was increased in miR-143/145 KO arteries, inhibition of nitric oxide synthase did not rescue myogenic tone in KO arteries.
In addition to l-type calcium channels, G-protein-coupled receptor activation is known to influence myogenic responsiveness. 19 In Dicer KO mesenteric arteries, myogenic tone is rescued by pretreatment with AngII, an effect that is dependent on activation of PI3K/Akt (phosphoinositide 3-kinase/ protein kinase B) and likely involves potentiation of l-type calcium channels. 8 We demonstrate herein that myogenic tone is significantly induced by AngII pretreatment in WT arteries. This finding is supported by earlier observations, suggesting that mechanosensitive activation of AngII receptors is involved in myogenic contraction. [20] [21] [22] The effect of AngII on myogenic tone is suggested to involve an increased polymerization of actin filaments, 22 which potentially occurs downstream of increased l-type calcium influx. 23, 24 Importantly, genetic deletion of either the AT 1a 21 or the AT 1b 25,26 receptor (conflicting data) results in complete loss of myogenic tone in small arteries. The AT 1b receptor is the most prominent AT1 receptor in mesenteric arteries 25, 26 and is significantly downregulated in miR-143/145 KO arteries. 9 Thus, downregulation of AT 1b receptors, together with the reduced calcium signaling and MLCK/LC 20 expression, provides a likely explanation for the loss of myogenic tone in the miR-143/145 KO mice.
AngII-induced contractions were nearly abolished in miR-143/145 KO mesenteric arteries, and consequently, no potentiation of myogenic tone was observed in these arteries. The mechanisms underlying the loss of AngII-induced contractile responses in miR-143/145 KO mice likely involve a direct effect on ACE and secondary effects on AT 1 receptors, key modulators of G-protein signaling such as RGS4 (regulator of G-protein signaling 4) and RGS5, as well as changes in Rhosignaling and calcium handling. 9, 13 Despite the loss of AngII-induced contractions in miR-143/145 KO smooth muscle, we found that chronic administration of AngII increases blood pressure to similar levels in both WT and miR-143/145 KO mice. The acute effect of AngII on blood pressure is slightly but significantly decreased in miR-143/145 KO mice compared with WT. 9 This suggests that a minor part of the acute AngII-induced increase in blood pressure is due to increased vascular resistance, whereas this component does not seem to be involved at all in the long-term effects of AngII on blood pressure over 4 weeks in mice. Thus, increased salt and water reabsorption by epithelial cells in the kidney is likely responsible for the chronic effects on blood pressure by AngII in both WT and KO mice. Because miR-143/145 is enriched in smooth muscle cells, other cell types, such as tubular epithelial cells and aldosterone-secreting cells in the adrenal gland, are not expected to be affected by miR-143/145 deletion.
In the setting of AngII-induced hypertension, small arteries are protected from excessive pressure and flow levels by both basal myogenic tone and by AngII-induced potentiation of this response. In the miR-143/145 KO mice, which experiences similar systemic blood pressure levels, none of these protective mechanisms are in place. The question then arises as to how the small arteries can cope with the excessive pressure and flow levels that result from a defective myogenic tone. To our knowledge, this has not been tested previously, and the results presented herein show dramatic effects, as vessels from miR-143/145 KO mice develop multiple vascular lesions, exhibiting adventitial remodeling and inflammation, elastic lamina fragmentation, and neointimal hyperplasia. These events are classical hallmarks of vascular injury and are observed in arterial aneurysms, arterial stiffening, or after surgical interventions, such as coronary angioplasty. Although the precise initiating factor of this injury is difficult to determine, our hypothesis, based on calculation of wall stress in pressurized vessels and the localization of the lesions, is that the vascular injury in miR-143/145 KO vessels is caused by substantial elevation of mechanical forces on the vascular wall at the sites of small mesenteric artery bifurcations. Notably, lesions were not found in larger arteries without myogenic tone such as the aorta or superior mesenteric artery.
Wall stress is dependent on intraluminal pressure, vessel diameter, and wall thickness according to the law of Laplace. Although systemic pressure levels were equal in WT and KO mice, the loss of myogenic tone theoretically results in increased pressure levels in downstream arteries. Furthermore, we found that most of the vascular lesions were located at bifurcations where pressure levels can be elevated >2-fold compared with the proximal parent artery. 27, 28 Relative to aortic blood pressure, the blood pressure levels in rat mesenteric arteries range from 95% in superior mesenteric artery to 65% at the base of the mesenteric arcade. 29 Thus, in AngIItreated mice with a mean pressure level of ≈165 mm Hg, pressure levels in the mesenteric arcade would range from 107 to 157 mm Hg, with potentially much higher pressures locally at bifurcations and at sites downstream of vessels without myogenic tone. Similarly, shear stress on the endothelial cells caused by the increased blood flow is most likely elevated in small arteries distally to vessels without myogenic tone. Resistance in a vessel is inversely proportional to the lumen radius raised to the fourth power. Thus, the 30% increase in lumen radius that we observe in miR-143/145 KO arteries in the presence of AngII at 120 mm Hg (data not shown) would potentially result in a 3-fold increase in volume flow rate under similar conditions in vivo. Furthermore, at the sites of bifurcations, shear stress can cause turbulent flow which is a contributing factor to vascular injury.
Earlier studies have demonstrated a reduced media thickness in miR-143/145 KO femoral artery and aorta in formalin-fixed preparations. 9, 13 However, our results using pressure myograph suggest that wall thickness, including the adventitia, is unchanged or slightly increased in mesenteric arteries at passive conditions. In active vessels, however, the increased diameter in KO mesenteric arteries, in the absence of myogenic tone, results in decreased wall thickness and higher wall tension relative to WT arteries. Thus, wall stress is elevated in miR-143/145 KO mesenteric arteries by both increased diameter and decreased wall thickness, even without considering potentially elevated pressure levels in smaller distal arteries as a consequence of diminished myogenic tone.
Adventitial fibrosis and inflammation and neointimal hyperplasia are often observed after vascular injury caused by mechanical factors. 3, 4 Accordingly, most of the vascular lesions were found in the distal parts of the mesenteric arterial tree, where wall and shear stress is most affected in AngII-treated miR-143/145 KO. We found several hallmarks of the vascular response-to-injury mechanism in the vascular lesions of miR-143/145 KO mice including (1) a loss of differentiated smooth muscle cells in the media, demonstrated by reduced filamentous actin, reduced Acta2 expression, and reduced miR-143/145 reporter activity in medial smooth muscle cells, (2) increased adventitial fibrosis and cell proliferation, (3) vascular inflammation indicated by macrophage infiltration, (4) neointimal hyperplasia, and (5) elastic lamina fragmentation.
The phenotypic modulation of smooth muscle cells in the vascular lesion may in part be caused by loss of filamentous actin, which leads to subsequent cytoplasmic retention of the transcription factor MRTF (myocardin-related transcription factor) and reduced expression of contractile smooth muscle markers. 30 Although a physiological level of stretch promotes the formation of actin filaments, 31, 32 excessive and pathological stretch levels result in degradation of actin filaments. 33 miR-143/145 KO vessels are likely to be more sensitive to actin disruption because these miRNAs are known to directly regulate multiple genes involved in actin dynamics. 10 Importantly, altered actin dynamics is involved in disturbed smooth muscle gene regulation in human arteries after balloon injury and in dilated aorta associated with aortic valve stenosis, which are both associated with excessive mechanical forces in the vascular wall. 34, 35 Furthermore, expression of miR-143/145, which is regulated by the actin-MRTF pathway, is significantly reduced in dilated human aorta. 35, 36 We found that the adventitial remodeling in vascular lesions of miR-143/145 KO mice was a result of increased cell proliferation, increased collagen deposition, and macrophage infiltration. It is known that adventitial fibroblasts play a critical role in the vascular response to mechanical injury. 3 Inflammatory cells that are recruited to the site of injury play an important part in the activation of adventitial myofibroblasts by secreting cytokines such as TGF-β1 (transforming growth factor-β1). Interestingly, the TGF-β receptor II is a direct target of miR-145, and deletion of miR-145 promotes TGF-β-dependent extracellular matrix accumulation and fibrosis. 37 This suggests that the effects of AngII on adventitial fibrosis could be independent of mechanical factors or at least that miR-143/145 KO myofibroblasts may be more sensitive to TGF-β stimulation in injured arteries.
The fragmentation of elastin is caused by activation of proteases, and this event is accelerated by mechanical stretch of the vessel. 38 Elastin is not replaced in adult vessels, and degradation of elastin, therefore, results in an increased collagen to elastin ratio, which is one of the main causes of arterial stiffness. We found decreased distensibility of miR-143/145 mesenteric arteries, suggesting that these arteries are stiffer already at basal conditions. Fragmentation of the internal elastic lamina also enables cells from the media and adventitia to migrate into the lumen and form a neointima. Notably, thickness of the intima in human mesenteric arteries correlates with defects in the internal elastic lamina, which contributes to the pathogenesis of mesenteric ischemia. 39 Neointimal hyperplasia has been reported in 18-month-old miR-143/145 KO mice at basal conditions, but is negligible in younger mice, suggesting that these mice are prone to developing neointimal lesions. 9 Our results demonstrate that this effect is dramatically accelerated by hypertension.
Although it is likely that mechanical factors are involved in the effects observed herein, a causative relationship has not been directly demonstrated. This represents a limitation of this study that will be addressed in future work. Furthermore, although miR-145 is likely responsible for most of the phenotype in miR-143/145 KO mice, this needs to be directly demonstrated in miR-145-specific KO mice.
Altered expression of miR-143/145 has been reported in clinical conditions including aortic aneurysm, 16, 35, 36, 40 cerebral aneurysm, 41 diabetes mellitus, 42 atherosclerosis, 43, 44 and pulmonary hypertension. 45, 46 In mouse models, treatment with miR-145 inhibitors protects against the development of pulmonary hypertension. 46, 47 In contrast to pulmonary hypertension, where miR-145 expression is increased, atherosclerosis in human patients is associated with decreased miR-145 expression. 43, 44 Interestingly, forced overexpression of miR-145 in smooth muscle using lentiviral delivery reduced plaque size in an ApoE −/− mouse model of atherosclerosis. 44 The precise role for miR-145 in atherosclerosis is, however, not clear and may depend on the experimental model, as deletion of miR-143/145 attenuates the progression of atherosclerosis in Ldlr −/− mice. Our findings further emphasize the importance of miR-143/145 in vascular disease and suggest that therapeutic inhibition of miR-143/145 may have adverse effects in vascular beds where myogenic regulation of contractile function is important for the regulation of blood flow.
In summary, this report demonstrates a crucial role of miR-143/145 for myogenic contraction and for the development of vascular injury in myogenically active vessels during hypertension. Although mechanical factors are likely to be involved as initiating factors for vascular injury in this model, additional studies are warranted to determine how loss of myogenic tone affects wall stress in downstream vessels in hypertension.
